Abstract: Scientific genealogy trees of scientists who contributed to the study of organic reaction mechanisms over the last century are presented. The trees show doctoral and post-doctoral connections among scientists as well as connections between scientific ideas. Contributions made by scientists working in laboratories at Canadian universities and at the National Research Council of Canada are noted throughout. These trees, covering more than two centuries, are of interest to senior scientists and young students of science alike in understanding the evolution of scientific ideas and in career development for aspiring scientists. Key patterns revealed by these trees pertaining to ideas and discoveries made, how they were made, connections between them, and who made them are also discussed.
Introduction
In keeping with the theme of this special issue to emphasize the historical and current importance of mechanistic chemistry and the international impact that Canadian scientists have made to it, this paper presents scientific genealogy trees of prominent scientists who have made significant contributions to physical organic chemistry and reaction intermediate studies. Figure 1 shows a "super" tree with a timeline covering more than a century of scientific work that depicts key players as lynch pin nodes in the overall grand scheme of things. Detailed specific trees emanating from these people are available in the Supplementary material. 2 All of these trees were constructed using biographical information obtained from various sources: Poggendorff's Biographisches-literarisches Handwortenbuch zur Geschichte der exacten Naturwissenschaften (2nd ed., Wiley-VCH, Berlin), Biographical Memoirs of Fellows of the Royal Society (Vols. 1-50, The Royal Society, London), Obituary Notices of Fellows of the Royal Society (Vols. 1-9, The Royal Society, London), Biographical Memoirs of Fellows of the National Academy of Sciences of the United States of America (Vols. 1-84, National academy of Sciences, Washington, D.C.), Dictionary of Scientific Biography Edited by Charles C. Gillispie (Charles Scribner's Sons, New York), and various biographical references compiled in ref. 1 . The following code applies to the trees: solid lines indicate doctoral advisor links, dashed lines indicate post-doctoral advisor links, boxes indicate people who brought knowledge from one country to another, and maple leaf icons indicate scientists who made contributions at Canadian universities and at the National Research Council of Canada. For each entry the name of the scientist is given along with the university where they did their doctoral work, the year of their Ph.D., and a chronological list of their notable contributions to the fields of physical organic chemistry and reaction intermediates. References to these contributions may be found in Tables S1, S2 , S5, and S6 (Supplementary material) of the following paper (2) . These trees effectively trace how knowledge in physical organic chemistry emerged as a whole and how it came to Canada from the earliest times up to the year 2004. All professors of chemistry in Canada who made contributions to physical organic chemistry are included. In addition, particular attention was made to include in the compilation all Canadian contributors to this special issue. As an example, my personal scientific genealogy tree is shown in Fig. 2 .
Though at first sight this compilation has obvious appeal to readers who may be interested only in the history of science, it is of far more fundamental and practical value with respect to conducting original research. From readings of biographical memoirs of famous scientists, one recognizes that nearly all of them can attribute their success in science in significant measure to their knowledge of how ideas progressed down the line from their forebears rather early in their careers in addition to the obvious traits of possessing intelligence, command of, and enthusiasm for their subject. Stamina, perseverance, and maintaining focus on key questions to be answered are particularly important virtues that academics require in the course of their work throughout their careers, especially when they are faced with convincing their peers of novel ideas that challenge established paradigms brought forward by scientists in positions of power and authority (3) . One often can correctly guess that one must really have a good idea when one encounters stiff resistance to that idea. One is reminded of the following relevant statements made by a philosopher and physicist, respectively. "All truth passes through three stages before it is recognized. First, it is ridiculed. Second, it is violently opposed. Third, it is regarded as self-evident." (Arthur Schopenhauer, 1788-1860) (4) . "A new scientific truth does not triumph by convincing its opponents and making them see the light, but rather because its opponents eventually die, and a new generation grows up that is familiar with it." (Max Planck, 1858 -1947 (5) .
Probably the most celebrated illustrations of these insights are the comments of Hermann Kolbe (1818 Kolbe ( -1884 on the imaginative ideas of Jacobus van't Hoff (1852 van't Hoff ( -1911 , first recipient of the Nobel Prize in Chemistry in 1901) concerning the connection between the observation of optical activity in compounds and the presence of asymmetric carbon atoms in their molecular structures as exemplified by the following quotations. "…the weeds of a seemingly learned and brilliant but actually trivial and empty Philosophy of Nature, which, after having been replaced some fifty years ago by the exact sciences, is now once more dug up by pseudoscientists from the lumber room of human fallacies, and like a trollop, newly attired in elegant dress and make-up, is smuggled into respectable company, to which she does not belong." (6a) . "Not long ago, I expressed the view that the lack of general education and of thorough training in chemistry was one of the causes of the deterioration of chemical research in Germany. Will anyone to whom my worries seem exaggerated please read, if he can, a recent memoir by a Herr van't Hoff on La Chimie dans l'Espace, a document crammed to the hilt with outpourings of childish fantasy…This Dr. J.H. van't Hoff, employed by the Veterinary Academy of Utrecht, has, so it seems, no taste for accurate Fig. 1 . Summary "super" scientific genealogy tree of key scientists whose scientific offspring contributed significantly to the development of mechanistic chemistry and to the discovery of reaction intermediates along with the timeline of the doctoral degree. chemical research. He finds it more convenient to mount his Pegasus (evidently taken from the stables of the Veterinary Academy) and to announce how, on his bold flight to Mount Parnassus, he saw atoms arranged in space." (6b).
A modern example documented in recent celebrations of the most cited papers in the Journal of the American Chemical Society in the last 125 years is that of Lineweaver and Burk whose classic paper (7) is the most cited in that journal and yet at the time of review it was rejected several times by six reviewers, but the editor of the day took the risk and allowed publication (8) . Now, of course, Lineweaver-Burk plots are routinely used in pharmacokinetic studies and are mentioned in virtually every undergraduate biochemistry textbook. Interestingly, the idea of plotting enzyme data in this way came to them in their discussions when viewing data plots upsidedown as they were seated opposite each other at a desk! Another case is the postulation and discovery of the Koelsch radical in 1937 (9a) , which was confirmed by ESR spectroscopy two decades later in 1957 (9b). This is actually an excellent example of how a new powerful technique helped to solve an old problem and thereby confirm prior indirect evidence of the existence of a chemical species.
Close examination of these genealogy trees reveals several important and revealing patterns that are relevant to the progression of the science itself and the career developments of the practitioners themselves. The following discussion is thus focused on two specific areas: the development of scientific discoveries in physical organic chemistry and reaction intermediates over time, and career development patterns among successful practitioners in the field. In the scientific development category we have: (1) leading chemists claiming discovery of the most number of reaction intermediates; (2) leading chemists claiming discovery of the most number of concepts in physical organic chemistry; (3) synthetic chemists who used principles and concepts in physical organic chemistry to advantage in organic synthesis; (4) physical and theoretical chemists who contributed to the development of physical organic chemistry concepts; and (5) highlights of achievements by Canadian chemists. In the career development category we have: (1) idea generation and connections, and distinguishing innovators from followers; and (2) (1993) Successful academics invariably obtained their doctoral degrees and post-doctoral apprenticeships with scientists who were contemporary leaders in their fields. Horizontal comparisons across a contemporary generation in any tree reveal which ideas and discoveries were brought forward at nearly the same time. These also reveal people who may have been fellow colleagues, graduate students, or postdoctoral fellows at the bench in the same laboratory. A common trend is for people to do their post-doctoral training with the doctoral advisor of their own doctoral advisor, in effect their scientific "grandfather". This pattern is particularly effective in securing consistent and credible recommendation letters from people who know one another professionally as well as personally. The German term doktorvater (doctor father) best describes a successful intellectual relationship between student and advisor. The following quotation from the Acknowledgements page of the 1933 M.Sc. thesis of Carl A. Winkler describing his relationship with his advisor Otto Maass is particularly pertinent. "In the brief space of two years since this work was begun, under the direction of Dr. O. Maass, the writer has become aware of having worked not under, but with him. His generous assistance, invaluable and kindly criticisms, and unbound optimism, are emphasized by all those who have privileged to work with him. The interest which Dr. Maass evinces in the individual as a chemist is paralleled by his interest in the chemist as an individual. The author feels that to have worked with Dr. Maass is to have experienced the utmost in satisfactory relationships between student and director." (10) .
From the trees presented here one can readily deduce how personal relationships among scientists through advisor-student connections explain alliances with respect to collaborations or even rivalries and personal conflicts. In practical terms, it readily explains success in obtaining academic positions and academic job placement in particular institutions. Not surprisingly from the above quote, nearly 50 professors of chemistry across Canada, including Rudolf Marcus (1992 Nobel Chemistry Laureate), can trace their scientific genealogies directly to the Maass-Winkler combination, a statistical legacy that will likely remain unbroken. All of this information is hidden in the scientific literature and may not be so readily revealed, whether intentionally or unintentionally, particularly to new entering students in the field who may have the drive and intelligence to make the committment to research, but require career guidance to channel their efforts in the right direction. The demands of fulfilling degree requirements and maintaining focus on the research problems at hand pose additional challenges to maintain the "big picture" outlook. Networking at conferences and talking with people at colloquia and other gatherings is the best way to penetrate this important area of knowledge as it is essential for successful career development.
Another important spin-off of such genealogy trees is that predictability of what is important and worth looking into as a viable research question or area markedly improves when one knows the chronology of ideas and associates themselves with the key players in shaping those ideas or at least their direct scientific descendants. Naturally, as one would expect, the likelihood of making the "right connections" between various research areas increases as the size of the entire knowledge database grows. However, serendipity in the form of unexpected occurrences and chance "mistakes" always plays a strong hand and one must be prepared to recognize opportunities and act on them where possible. The most profound and dramatic connections often turn out to be those made between, at first sight, seemingly disparate fields. Nevertheless, despite the complexity of the maze, one is able to discern a certain logic in the ideas discovered over time, so that rather than them being presented or learned as a loose collection of dry facts, the trees serve to organize them into a meaningful whole. The big payoff is that student interest in the subject is enhanced and memory retention of information increases. A great motivation is the tantalizing prospect that if successful in significantly advancing the field, an aspiring student may one day join this growing "tree of knowledge". What is important is knowing the connections between ideas and the context and circumstances in which those discoveries were made, ascertaining the limitations and levels of approximation employed, performing full graphical critical point and dimensional analyses of key equations, and representing ideas using visualization techniques if possible. All of these can be best achieved by reading the published works of the originators of the discoveries themselves rather than relying solely on a textbook author's "hand-me-down" interpretation of them. Peter Dervan's following quote exemplifies the value of doing just that and how teaching can influence research. "During my first years at Cal Tech, I experienced how profoundly classroom teaching would influence my research. I taught Advanced Organic Chemistry, a reaction mechanisms course for graduate students. I never had the time to read in detail the original seminal papers of Winstein, Doering, Roberts, Olah and other pioneers of the field. Upon reading those key papers published mostly in the 1950s, I realized that these researchers set the stage for several decades of new inquiry in the field of reactive intermediates. My research should not be closing problems but rather opening new areas. I decided to choose a research problem that seemed hopeless in terms of current understanding, but would be suitable for thirty years of scientific inquiry." (11) .
Those researchers who follow this track early in their career paths are able to ask more penetrating questions and to chart new directions with greater confidence and thereby do worthwhile research of high quality. Knowing what is important and what is not is one of the key skills in charting a research agenda. In short, being able to see the big picture is imperative for success. Hence, the impact on one's research plans is tremendous. In this vain, distinguishing innovators from followers becomes important. The reader may peruse these trees at leisure and consult them over several times and new ideas and revelations will surface. The reader is invited to explore these trees in a self-discovery approach and verify for themselves the previous points through their own personal experiences. Table 1 lists some examples in the field of reaction intermediates of important idea and discovery connections between innovators and followers who themselves, in many cases, became innovators in their own right. Perusal of this list, particularly the structural similarities between juxtaposed reaction intermediates, illustrates and emphasizes points made in the preceding paragraph. Not surprisingly, therefore, students who have trained with any of the key scientific contributors or their immediate descendants are highly sought after as the next generation of academics. The thinking here is that their mentors' successes will likely rub off on them as they chart their own research agendas, particularly if their doktorvater relationship had been positive. In fact, the most effective way for a scientist's work to live beyond their time is for them to populate the next generation of academics with people that they have mentored, otherwise their names and work will inevitably be driven to extinction. This virtually guarantees that their ideas, contributions, and views will continue to influence scientific thought. Moreover, this strategy has a pay off for the advisor in the form of a "boomerang effect" with respect to fame, personal ego, the acquisition of prizes and research funds to continue their scientific work, and a growing publication list. However, this boomerang effect works in one direction; that is, if an advisor's students are sought after it implies that the above benefits follow, but the converse may not always be true depending on how generous or selfish an advisor is in letting their students pursue their own ideas and allow them to shine. This leads to the key question a research student should ask of their prospective advisor before ranking them according to their area of research, prizes, their publication list, and other recognition measures: "What were the career fates of past students and research fellows who passed through that research group?". Sydney Brenner (2002 Physiology and Medicine Nobel Laureate) offers the following succinct insight in his autobiographical sketch on the point of reprioritization of selection criteria of advisors for students when choosing their potential research mentors (12) : "I believe that a scientist should be judged by the quality of the people he has helped to produce and not by prizes or other honours bestowed on him." These positive influences are tempered by the fact that the achievements of a research advisor are linked directly to the successes of their students. Simply put, an advisor is only as good as his or her students. Also, another tempering point is that there is an expectation and promise that these budding scientists make notable future discoveries and expand fundamental knowledge over their own careers. In this vein, faculty members in Canada who have been most successful in placing their students and post-doctoral fellows in academic positions in departments of chemistry in Canada in the fields of pure and applied physical organic chemistry and related areas are given in the following. University names in parentheses denote where these people have worked or are cur 1625 (1956) .
